Abstract
Introduction
Rare-earth doped luminescent materials are widely applied in lighting and display devices, such as plasma display panels, fluorescent lamps, lighting emitting diodes (LED) and so on. [1] The study of seeking new luminescent materials, thus, is of great research interest. Fluorescent lamps are essentially consisted of a glass tube lined on the inside with a phosphor coating and filled inside with a mixture of mercury vapor and argon.
As electric current flows through the lamp, the mercury atoms are bombarded by electrons and excited to emitted wavelengths at 254 nm (~ 65 %) and 185 nm (10 ~ 20 %), [2] as well as longer wavelengths at 365, 405, 436, 546 and 577 nm. [3] Thus, the phosphors must have a strong optical absorption in the short ultra-violet region of 254 nm. Tb 3+ is a good candidate for green-emitting (sharp band at 544 nm) phosphors as an activator; however, the absorption wavelength of solely-doped these phosphors at the short ultra-violet region of 254 nm is weak. Therefore, by doping the sensitizer into a crystalline host is an efficient way to improve the luminescence intensity of phosphors. As a promising Tb 3+ activator, Ce 3+ can act as an efficient sensitizer transferring energy to Tb 3+ and has been investigated in various hosts such as LaPO 4 , [4] BaBPO 5 , [5] LaMgAl 11 O 19 , [6] Y 3 Si 2 O 8 Cl, [7] Sr 3 Al 10 SiO 20 , [8] CaAl 2 B 2 O 7 , [9] and Ca 2 Al 2 SiO 7 . [10] To the best of our knowledge, the luminescence properties and the corresponding study on the energy transfer mechanism of Ce 3+ → Tb 3+ in the Ca 9 Y(PO 4 ) 7 host have not been reported. In this study, we firstly reported the luminescence properties, energy transfer efficiency and mechanism, critical distance, as well as thermal quenching stability and the applications for fluorescent lamps. We have demonstrated that a green-emitting phosphor can be achieved by co-doped Ce 3+ and Tb 3+ ions in the CYP host. The result demonstrated that the CYP:Ce,Tb green-emitting phosphor exhibits great potential in fluorescent lamp application. 7 was refined using powder X-ray diffraction analysis with an advanced automatic diffractometer (Bruker AXS D8) with Cu K α radiation (λ = 1.5418 Å) collected with 2θ = 10° -80° at room-temperature with the operating voltage/current of 40 kV/40 mA. The photoluminescence (PL) and PL excitation (PLE) spectra of the samples were measured using a Spex Fluorolog-3 Spectrofluorometer equipped with a 450-W Xe light source. The Commission International de I'Eclairage (CIE) chromaticity coordinates for all samples were measured by a Laiko DT-101 color analyzer equipped with a CCD detector (Laiko Co., Tokyo, Japan). The temperature-dependent PL spectra were obtained with a spectrophotometer (Jobin-Yvon Spex, Model FluoroMax-3). The Ca 9 Y(PO 4 ) 7 crystallizes in a rhombohedral structure with the space group R3c (No.161) [11] and the lattice parameters are a = 10.4442 Å, c = 37.324 Å, V = 3525.89 Å 3 , and Z = 6. Seven crystallographically independent cation sites were found to consist of two eight-coordinated Ca in JCPDS file no. 46-0402. [11] Our observations clearly revealed that no detectable impurity was presented in the investigated phosphors; even doping of the Ce 3+ ions or co-doping of Ce phosphor shown a broad band emission ranging from 340 to 440 nm and centered at 366 nm, which was contributed to the 5d 1 → 4f 1 transition of Ce 3+ ions. [12] The PLE spectra of the CYP:Ce 3+ sample exhibited five excitation wavelengths at 204, 224, 246, 264, and 287 nm due to the crystal field splitting of Ce 3+ 5d states. [13] According to Dexter's energy transfer formula for exchange and multipolar interaction and Reisfeld's approximation, the following relations can be obtained : [18, 19] 
where C is the concentration of Tb
3+
; as ln(I S0 /I S ) against C corresponds to exchange interaction and (I S0 /I S ) 13 http://ccaasmag.org/CHEM against C α/3 with α = 6 and 8, corresponding to dipole-dipole, and dipole-quadrupole interactions, respectively. The plots of ln(I S0 /I S ) against C and (I S0 /I S ) against C α/3 were represented in Figs 7(a-c) , and only that with α = 6 was observed to be a linear behavior, implying that energy transfer from sensitizer Ce 3+ to the activator Tb 3+ occurs via the dipole-dipole mechanism. From the consideration of spectral overlap, the critical distance R c of ET Ce→Tb for dipole-dipole mechanism can be calculated using the following equation : [20]    dE ; E S = 3.5 eV is the energy involved in the transfer, and ∫F S (E)F A (E)dE expresses the spectral overlap between the Ce 3+ emission and Tb 3+ absorption, and it was estimated be 0.725 eV -1 . The critical distance of energy transfer from sensitizer Ce 3+ to activator Tb 3+ absorption is defined as the distance for which the probability of transfer equals the probability of radiative emission of Ce
; that is, the distance for which 1 0   S DD Tb Ce P  . Therefore, R c can be calculated by the following equation: [20]    dE 
Fluorescent lamp fabrication and performance.
A low-pressure mercury vapor fluorescent lamp (FL) derived in which the envelope that contains argon (~3.4 torr) and mercury (~ 1.2 mg) is coiled into a helical configuration, the green-emitting Ca 9 Y(PO 4 ) 7 :0.15Ce
3+ phosphors coating provided on the interior surface of the envelope, and a pair of tungsten electrodes arranged at the sealed ends of the lamp envelope. When a power of 8 Watt was applied to the cathodes for inducing discharge, thereby emitting ultraviolet light centered at 404 and 435 nm for mercury, [22] 
Summary
In conclusion, a series of Ce 3+ -and Tb
3+
-codoped Ca 9 Y(PO 4 ) 7 phosphors were synthesized by a solid state reaction. Their luminescence properties and energy transfer mechanism were investigated. We have demonstrated that the energy transfer from sensitizer Ce 3+ to activator Tb 3+ in Ca 9 Y(PO 4 ) 7 is a resonant type via a dipole-dipole mechanism and the critical distance was determined to be ~ 6.88 Å by the spectra overlap method. The phosphor exhibits superior thermal quenching stability to that of the LaPO 4 :Ce 3+ ,Tb 3+ commodity phosphor, which indicates that CYP:0.15Ce 3+ ,0.5Tb 3+ phosphor could be potentially useful for application in green fluorescent lamps. When a power of 8 Watt was applied to the cathodes for inducing discharge, thereby emitting ultraviolet light from mercury, the excited fluorescent layer efficiently emitted green light with a main peak wavelength at around 544 nm. The measured CIE chromaticity coordinates (x, y) for FLs has been found to be (0.314, 0.532), respectively.
